The relationship between the function of human immunodeficiency virus (HIV)-specific CD8 T-cell responses and viral load has not been defined. In this study, we used a panel of major histocompatibility complex class I tetramers to examine responses to frequently targeted CD8 T-cell epitopes in a large cohort of antiretroviral-therapy-naïve HIV type 1 clade C virus-infected persons in KwaZulu Natal, South Africa. In terms of effector functions of proliferation, cytokine production, and degranulation, only proliferation showed a significant correlation with viral load. This robust inverse relationship provides an important functional correlate of viral control relevant to both vaccine design and evaluation.
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Virus-specific CD8 T cells play an essential role in control of chronic viral infections (4, 12) . The strong association between HLA class I molecules and protection against disease progression (5, 10) , together with data from models of simian immunodeficiency virus (9, 15) , suggest that such responses can be protective and support current efforts to design T-cell-based vaccines for human immunodeficiency virus type 1 (HIV-1). However, despite such T-cell responses, the virus is not controlled long term and disease progression in untreated persons is almost inevitable. Understanding the mechanisms behind the failure of CD8 T-cell-based immune containment and how the T-cell quality, function, and specificity correlate with viral load is a crucial step in vaccine design.
To address issues of immune control in HIV infection, we established a cohort of over 600 adults with chronic, untreated clade C HIV infection from KwaZulu Natal, South Africa (10), the epicenter of the global HIV pandemic. Comprehensive screening by a gamma interferon (IFN-␥) Elispot assay using overlapping peptides spanning all expressed viral proteins, together with high-resolution HLA typing, revealed a number of peptides frequently targeted by CD8 T cells in the context of frequently expressed HLA alleles in this cohort (reference 10 and data not shown). From this set we identified eight peptides with strong linkage between the presence of a specific HLA allele and the presence of a CD8 T-cell response to the peptide. Major histocompatibility complex class I tetramers corresponding to highly targeted epitopes restricted by HLA-A*0205, A*3002, B*0801, B*4201, B*8101, and Cw*0304 were therefore constructed to enable direct visualization of antigenspecific cells from freshly isolated peripheral blood mononuclear cells (PBMC) by flow cytometry (Table 1) . A total of 113 subjects, selected based on expressed HLA alleles, were evaluated, and a total of eight epitopes examined. The median viral load of the 113 subjects analyzed was 51,700 HIV-1 RNA copies/ml plasma (range, Ͻ50 to 784,000), and the median absolute CD4 count was 329 (range, 23 to 1,273). Information regarding duration of infection was not available, although all the patients had established chronic HIV infection at the time of analysis. The median magnitude of each of the epitopespecific responses was 0.75% of CD8 ϩ T cells (range, 0.01 to 10.68%), with the strongest responses being detected to B*4201 TL9 and Cw*0304 YL9 (Table 1 and data not shown).
There have been conflicting reports from previous studies in terms of whether HIV induces cytotoxic T lymphocytes that are dysfunctional in their ability to produce cytokines upon in vitro stimulation with peptides (1, 7, 8, 11, 16) . By using tetramer staining in conjunction with intracellular cytokine staining for multiple responses in a large cohort of individuals, we were able to address what proportion of HIV-specific CD8 T cells are able to make IFN-␥ or interleukin-2 (IL-2) in response to stimulation with cognate antigen. Representative data are indicated in Fig. 1a . We found a strong correlation between the frequency of CD8 ϩ tetramer ϩ cells and the frequency of CD8 ϩ IFN-␥ ϩ cells following a 6-hour stimulation with peptide (r ϭ 0.8202, P Ͻ 0.0001; Fig. 1b) . In contrast, CD8 T cells made very little if any detectable IL-2 in the same assay (range, 0.00 to 0.09% of CD8 T cells), and no correlation was observed between the frequency of CD8 ϩ tetramer ϩ cells and the frequency of CD8 ϩ IL-2 ϩ cells (Fig. 1c) . We analyzed the relationship between IFN-␥ and IL-2 production by HIV-spe-cific CD8
ϩ T cells and viral load and found no significant correlations ( Fig. 1d and e) . Furthermore, no significant correlation was observed between the fraction of tetramer ϩ cells that produce IFN-␥ and viral load (P ϭ 0.4011; data not shown).
We next addressed the ability of HIV-specific CD8 T cells to degranulate upon stimulation with cognate antigen. PBMC were stimulated with peptide in the presence of anti-CD107a antibodies for 6 h, followed by surface staining with anti-CD8 and anti-CD107a antibodies (3). Tetramer staining was performed in parallel with the CD107a assay on the same samples, and a significant positive correlation was found between the frequency of CD8 ϩ tetramer ϩ cells and the frequency of CD8 
CD107a
ϩ cells was analyzed in relation to viral load of these subjects, no correlation was observed (Fig. 2b) .
Recent studies indicate that the proliferative capacity of HIV-specific CD8 T cells is gradually lost following acute infection and is thus compromised during chronic infection in individuals with high-level viremia (13, 14, 17) . In order to further investigate the proliferative capacity of CD8 T cells specific for dominant clade C epitopes, we labeled freshly isolated PBMC with 0.5 M carboxyfluorescein diacetate, suc- Fig. 3a . The proliferative response to each of the eight tetramer epitopes described in this study was tested in a total of 89 samples, and we found a strong inverse correlation between the percentage of CD8 ϩ tetramer ϩ CFSE lo cells and the viral load of these subjects (P ϭ 0.0008; Fig. 3b , left panel). Although there were variations between proliferative responses within individual epitopes, when analyzed individually, we did not observe a significant difference in proliferative capacity between responses to the eight different epitopes (analysis of variance, P ϭ 0.2012). Despite the fact that we observed a significant inverse correlation between the proliferative capacity of tetramer ϩ cells and viral load, we did not see a significant correlation between the absolute CD4 count and proliferative capacity of tetramer ϩ cells in these subjects (P ϭ 0.1872; Fig. 3b, right panel) . Multivariate regression analysis confirmed that the inverse correlation between proliferation and viral load was independent of CD4 count (P ϭ 0.007; data not shown).
HIV infection is associated with a strong adaptive cellular immune response, and yet the majority of infected persons progress to AIDS in the absence of treatment. In this study, we assessed the impact of T-cell function on viral load in persons with untreated clade C HIV infection from KwaZulu Natal, South Africa, where the seroprevalence of HIV infection is over 35% in some age groups. Using a panel of eight HLA class I tetramers to frequently targeted epitopes in this population, we find that the proliferative capacity of epitope-specific responses may be a correlate of viral control in chronic HIV infection.
Previous studies have addressed similar relationships but have been done in small cohorts and for the most part have not been linked to viral load. To our knowledge this is the largest study of its kind, and the data set is unique in that it is derived from a highly characterized, untreated population of adults with chronic HIV clade C infection. This analysis is not entirely comprehensive, in that not all responses in each individual were assessed. However, the responses analyzed represent the dominant response against HIV in this population.
Functional studies were performed for analysis of IFN-␥ and IL-2 secretion, proliferation, and degranulation. IFN-␥ secretion and degranulation appeared to be well maintained following a short-term stimulation with peptide, with no evidence of a significant functional defect. In contrast, IL-2 secretion was weak throughout, with little secretion even at relatively low viral loads. The proliferative capacity of epitope-specific CD8 ϩ T cells showed a clear inverse correlation with viral load. These data therefore provide a functional assay of HIV tetramer ϩ cells that is associated with viral load in a large, untreated, chronically infected cohort. PBMC from HIV-infected individuals with a wide range of viral loads were assayed, and a substantial number of relevant tetramer responses were evaluated. Thus, the result appears robust and biologically significant-analysis of proliferative function using a combined CFSE tetramer assay is technically relatively simple and provides critical information relevant to both vaccine design and evaluation. In particular, these data highlight the importance of assessing the proliferative capacity of HIV-specific T cells in addition to quantifying the number of IFN-␥-producing cells when evaluating the function of vaccine-induced cellular immune responses.
Overall these data provide important support for the analysis of the role of proliferative function of antigen-specific CD8 T cells as a key measure of the exhaustion of T cells in chronic viral infections in general and HIV in particular. The mechanism behind this functional loss is not yet fully established, although recent data on the expression of the inhibitory receptor PD-1 (2, 6) may provide important links between function, phenotype, and disease progression.
